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1  | EPIDERMOLYSIS BULLOSA

Epidermolysis bullosa (EB) encompasses a group of rare, clinically 
and genetically heterogeneous genodermatoses with an estimated 
500 000 cases worldwide.[1] It is characterized by moderate to ex‐
cessive fragility of epithelial tissues with prototypic blistering or ero‐
sions following minimal trauma (mechanobullous dermatoses).

Epidermolysis bullosa is caused by mutations involving at least 
20 genes coding for components of the cytoskeletal keratin in‐
termediate filaments, cell junctions such as, desmosomes and 

hemidesmosomes, and other molecules contributing to intraepider‐
mal adhesion and dermo‐epidermal anchorage of skin and mucous 
membranes.[2‒5] Recently, mutations in the KLHL24 (Kelch‐like fam‐
ily member 24) gene encoding for a component of a ubiquitin‐ligase 
complex have been delineated to underlie subvariants of autosomal 
dominant EB simplex.[6‒8] The mutant protein is more stable owing to 
the absence of auto‐ubiquitination and promotes excessive ubiquiti‐
nation and degradation of keratin 14 (K14). In addition, a homozygous 
splicing mutation in CD151, encoding a tetraspanin expressed in the 
basement membrane zone, was very recently found in a patient with 
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Abstract
Epidermolysis bullosa (EB) is the umbrella term for a group of rare inherited skin fra‐
gility disorders caused by mutations in at least 20 different genes. There is no cure 
for any of the subtypes of EB resulting from different mutations, and current therapy 
only focuses on the management of wounds and pain. Novel effective therapeutic 
approaches are therefore urgently required. Strategies include gene‐, protein‐ and 
cell‐based therapies. This review discusses molecular procedures currently under in‐
vestigation at the EB House Austria, a designated Centre of Expertise implemented in 
the European Reference Network for Rare and Undiagnosed Skin Diseases. Current 
clinical research activities at the EB House Austria include newly developed candi‐
date substances that have emerged out of our translational research initiatives as 
well as already commercially available medications that are applied in off‐licensed in‐
dications. Squamous cell carcinoma is the major cause of death in severe forms of EB. 
We are evaluating immunotherapy using an anti‐PD1 monoclonal antibody as a pal‐
liative treatment option for locally advanced or metastatic squamous cell carcinoma 
of the skin unresponsive to previous systemic therapy. In addition, we are evaluating 
topical calcipotriol and topical diacerein as potential agents to improve the healing 
of skin wounds in EBS patients. Finally, the review will highlight the recent advance‐
ments of gene therapy development for EB.
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a Kindler syndrome‐like phenotype (early blistering subsiding with 
age, multi‐systemic involvement including nephropathy).[9] The same 
group also revealed homozygous missense mutations in PLOD3 en‐
coding lysyl hydroxylase 3 (LH3) to cause widespread connective 
tissue abnormalities including extensive joint contractures, skeletal 
abnormalities, reduced growth and sublamina densa skin blistering 
similar to that in recessive dystrophic EB.[10] Pathogenetically, a de‐
ficient glycosylation activity is implicated to alter post‐translational 
modifications of type VII and other collagens causing deleterious 
changes in deposition and organization of extracellular matrix, such 
as a deficient extracellular assembly of anchoring fibrils that com‐
promises their stability and renders them subject to degradation.

These molecular aberrations finally impair the structural and 
functional integrity within the highly specialized interfaces, which 
are crucial for cell adhesion, proliferation and differentiation, tissue 
repair, and barrier function.[2,3,5] Consequently, this leads to char‐
acteristic diminished resistance to mechanical stress and shearing 
forces with subsequent cell and tissue damage.

The index genes involved are also partly expressed in other 
epithelialized (gastrointestinal, respiratory, urogenital tract) or 
mesenchymal (skeletal muscle) organs. Apart from secondary ex‐
tracutaneous involvement, this also explains the occurrence of pri‐
mary extracutaneous manifestations and relevant complications 
especially in the severe forms of EB, making them a multisystem 
disease with significant morbidity and mortality.[11]

Type (homo‐ vs heterozygosity), number (monogenic, digenic in‐
heritance) and location of mutation(s) within the gene or gene seg‐
ment, as well as the spectrum of subsequent quantitative (absence, 
reduction) or qualitative (gradual loss of function) disruption of pro‐
tein expression, result in considerable genetic heterogeneity with 
complex genotype‐phenotype correlations.[12,13] In addition to the 
primary structural‐functional genetic defect, secondary epigenetic 
and biochemical (eg differentially regulated expression of a host of 
other genes involved in the maintenance and function of this micro‐
environment, induction of inflammatory cascades) or environmental 
factors also have a major impact on the individual phenotype.[12,13] 
This corresponds to a considerably broad spectrum of clinical man‐
ifestations and severity, ranging from limited moderate blistering 
on primarily mechanically exposed sites such as hands and feet that 
manifests at times only in late childhood or adolescence, to exten‐
sive, generalized, fatal (multiorgan) involvement with (seemingly 
spontaneous) blistering affecting most of epithelialized tissues al‐
ready at birth. Common causes of (early) death include malnutrition, 
infections, organ failure and skin cancer.[14]

Currently, no general curative therapy is available for all EB 
types. In light of the morbidity as well as lethality of numerous 
subvariants as well as the current availability of largely only symp‐
tomatic treatment options, causative therapeutic approaches are 
therefore urgently required. Such strategies include gene‐, pro‐
tein‐ and cell‐based therapies.[15] This review discusses molecular 
procedures currently under investigation at the EB House Austria 
(www.eb-haus.org), a designated Centre of Expertise implemented 
in the European Reference Network for Rare and Undiagnosed 

Skin Diseases (ERN Skin) with currently 56 partners (http://skin.
ern-net.eu/), and at other centres. Albeit still largely experimental 
and facing major hurdles including safety and efficiency to over‐
come, these techniques should contribute to determine curative 
perspectives.

2  | CLINIC AL RESE ARCH

As stated above, the severe forms of EB are not restricted to the skin 
but affect the entire body. Several approaches have therefore been 
developed in the quest for a systemic therapy. Attempts using allo‐
geneic bone marrow transplantation (BMT) with or without infusion 
of mesenchymal stem cells (MSCs) have shown some transient bene‐
ficial clinical response in a small number of patients with RDEB[16‒19] 
but not in patients with JEB.[20] The mortality rates that come with 
such serious interventions are considerable, and the initially high ex‐
pectations for the approach have not been met.
Several substances that elicit premature termination codon (PTC) 
read‐through showed promising results in vitro for specific RDEB‐ 
and JEB‐associated mutations.[21‒23] The promise of PTC read‐
through substances, which often fall into the small molecule category 
of drugs available for repurposing, is to express a previously absent 
protein. The antibiotic gentamicin has already been tested in a few 
patients with PTC mutations and seemed to improve the skin phe‐
notype for a few months when applied topically or via intradermal 
injections in some patients.[24] Clinical studies to test the effect of 
intravenous injections of gentamicin are currently conducted for 
RDEB (NCT03392909) and JEB (NCT03526159).

Systemic recombinant human type VII collagen protein adminis‐
tration is another therapeutic approach that is pursued for the treat‐
ment of RDEB patients. It has previously shown promising results in 
a mouse model for RDEB[25] and is currently being tested in a phase 
I/II randomized controlled single‐blind clinical trial (NCT03752905) 
at Stanford University.

Current clinical research activities at the EB House Austria in‐
clude the development of novel therapies that have emerged out of 
our translational research initiatives, as well as commercially avail‐
able medications that are used for “off‐label” uses.

2.1 | Nivolumab in locally advanced/metastatic 
squamous cell carcinoma

In a prospective, multi‐centre, phase II trial (Eudra CT‐No. 
2016‐002811‐16), we are evaluating the administration of nivolumab 
(an anti‐PD1 monoclonal antibody) for the palliative treatment of 
patients with DEB who have locally advanced or metastatic squa‐
mous cell carcinomas of the skin (SCCS) that have been unrespon‐
sive to other systemic therapies. The target population also includes 
patients suffering from generalized severe recessive dystrophic 
epidermolysis bullosa, in which SCCS, owed to a highly aggressive 
course with early metastatic spread, is the primary cause of death 
with a cumulative risk of 70% to die by age 45.[26]

http://www.eb-haus.org
http://skin.ern-net.eu/
http://skin.ern-net.eu/
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For both EB and non‐EB SCCS, evidence on overall clinical ef‐
fectiveness of standard chemotherapeutic agents (with rather poor 
tolerability among older patients) as well as systemic therapies tar‐
geting the epidermal growth factor receptor (EGFR) pathway re‐
mains mostly limited and is often of short duration.[26‒28]

Immunosuppression plays a major role in the pathogenesis of 
SCCS,[29‒32] which is evident especially in solid organ transplant pa‐
tients as well as severe EB forms along with malnutrition, anaemia 
and chronic infections.[33,34] Tumor emergence and progression may 
further depend upon acquisition of traits that allow cancer cells to 
evade immune surveillance and an effective immune response.[35‒37]

Against this background, current immunotherapy efforts attempt to 
break the apparent tolerance of the immune system to tumor cells 
and antigens by either introducing cancer antigens by therapeutic 
vaccination or by modulating regulatory checkpoints of the immune 
system.[38‒40] As for the latter, blockade of programmed death re‐
ceptor‐1 (PD‐1) was shown to impair downregulation of T‐cell activa‐
tion upon PD‐1 binding[28,29] and proved clinical activity in a variety 
of tumor types, including melanoma, renal cell cancer and non‐small 
cell lung cancer.[41]

Plausible molecular features of SCCS,[42‒44] consistent data from 
animal studies[45] as well as beneficial evidence from clinical trials in 
advanced head and neck SCC (HNSCC),[46,47] and, recently, locally 
advanced/metastatic SCCS[48‒50] support the therapeutic scope of 
PD‐1 inhibition. Objective response was reported to be approxi‐
mately 50% in early phase I and II trials,[49] leading to the approval 
of the PD‐1 inhibitor cemiplimab for the treatment of patients with 
metastatic or locally advanced SCCS who are not candidates for cu‐
rative surgery or curative radiation.

Despite obvious progress, current knowledge to correlate clin‐
ical effectiveness of checkpoint inhibitors with the tumor immune 
microenvironment is still limited in SCCS and should be subject to 
further investigation.[48,51‒55]

Our trial seeks to determine the objective response rate of im‐
munotherapy with nivolumab in index patients with using Response 
Criteria in Solid Tumors version 1.1 (RECIST1.1) per site assessment 
up to 2 years as the primary objective. Treatment efficacy will be 
correlated with the number of tumor‐infiltrating lymphocytes (TILs) 
and CD8‐positive lymphocytes at baseline.

2.2 | Topical calcipotriol in dystrophic 
epidermolysis bullosa

Enhanced tissue fragility, persistent wounds and inflammation in 
EB predispose to complications including infections, sepsis and the 
aforementioned development of aggressive SCCS.[1,56]

Common wound colonizers in EB, such as Staphylococcus sp., 
Streptococcus sp., Candida sp. and Pseudomonas aeruginosa,[57] with 
loss of microbial diversity, may contribute to prolonged inflamma‐
tion, delayed wound healing and chronic wounding.[58]

Most recently, a role for innate immune sensing of microbial 
products, such as bacterial flagellin via toll‐like receptor 5, in pro‐
moting wounding‐ and inflammation‐induced skin tumorigenesis 

was demonstrated,[59] highlighting that local antisepsis, topical anti‐
biotics and local wound care are critically important in wound man‐
agement and possibly in cancer prevention in EB.

All currently existing approaches for the treatment of bacterial 
infected wounds have some disadvantages. Antiseptic baths, which 
are recommended for dystrophic EB patients, are often time‐con‐
suming and exhausting as well as painful for the patients since all 
dressings have to be carefully removed. Despite beneficial results, 
silver‐containing creams (eg Flammazine) should not be applied for 
more than maximal 2‐4 weeks due to emerging silver toxicities at‐
tributable to systemic absorption. Finally, long‐lasting application 
of antibiotic ointments for the treatment of infected wounds may 
lead to multi‐resistant bacterial strains, such as methicillin‐resistant 
Staphylococcus aureus.

Antimicrobial peptides (AMPs) form part of the body's innate 
immune response, serve as potent antibacterial substances that 
control pathogenic infections and activate the innate and adaptive 
immune system.[60] Cathelicidin (human cationic antimicrobial pro‐
tein 18, hCAP18) is a prominent AMP in human epithelial cells, which 
serves to augment host defense, and appears to play a role in tissue 
repair and wound closure.[61‒64] In response to cutaneous infections, 
hCAP18 is upregulated in skin and shows direct antimicrobial, antivi‐
ral and antifungal activity.[64]

Cathelicidin is directly regulated by vitamin D.[65] Sun exposure, 
leading to production of the prehormone in the skin, serves as a dis‐
tinct source of vitamin D. In EB patients, limited sun exposure due to 
wound dressings and reduced outdoor activity may lead to vitamin D 
deficiency,[66] resulting in reduced cathelicidin production and low‐
ered antimicrobial defenses.

Our preliminary data on hCAP18 mRNA levels in skin tissue 
samples taken from RDEB patients and RDEB patient‐derived ke‐
ratinocyte cell lines support this hypothesis.[67] We also observed 
an increase in hCAP18 expression at transcript and protein level in 
RDEB keratinocytes by treatment with distinct concentrations of 
the active vitamin D3 analogue, calcipotriol, which is already used 
routinely in the clinical treatment of psoriasis.[67,68] This correlated 
with reduced colony formation upon incubation of E coli with super‐
natants from cultured calcipotriol‐treated RDEB cells compared to 
controls while retaining any anti‐proliferative effect of calcipotriol 
detrimental to wound healing.[67,69]

Based on our results including a promising single‐patient ob‐
servation study,[67] we are currently investigating the potential of 
improved wound healing in dystrophic EB via increased in vivo ex‐
pression of cathelicidin and thus enhanced antimicrobial defense by 
topical administration of calcipotriol in a double‐blind, placebo‐con‐
trolled crossover study (EudraCT‐No 2016‐001967‐35). Notably, lo‐
cally produced cathelicidin can serve as a chemoattractant for innate 
immune cells including neutrophils, which produce and store vast 
amounts of AMPs and release them at sites of infection,[70] underlin‐
ing the utility of this approach in diseases characterized by increased 
susceptibility to bacterial infections. The immunomodulatory ef‐
fects should foster the restoration of microbial diversity and inflam‐
matory balance in EB skin. Moreover, increased production of LL‐37 
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(the active peptide form of cathelicidin) upon vitamin D treatment 
has previously been reported in chronic and non‐healing wounds.[62]

2.3 | Topical diacerein in EB simplex

We and others have recently shown a significant constitutive up‐
regulation of interleukin‐1beta (IL‐1ß) in keratinocytes of patients 
with severe generalized EB simplex (EBS‐gen sev), an autosomal 
dominant subvariant based on mutations within the keratin genes 
KRT5 or KRT14, with subsequent disintegration and collapse of the 
intermediate filament network, characteristic protein aggregation 
and increased fragility to mechanical stress and osmotic shock.[71‒73] 
Increased IL‐1ß activity results in the activation of the c‐Jun N‐ter‐
minal‐kinase (JNK)/mitogen‐activated protein kinase (MAPK) stress 
pathway and subsequently, via induction of downstream transcrip‐
tion factors, in the overexpression of K14, JNK and IL‐1β itself in a 
positive feedback loop.[73]

This mechanism is suspected to increase the expression of the 
dominantly interfering mutated K14 allele, thereby potentially ag‐
gravating the EBS‐gen sev phenotype as compared to milder sub‐
types of EBS caused by nonsense mutations within the same gene. 
Additionally, blister formation was found to be related to matrix 
metalloproteinase (MMP)‐9 and chemokine CXCL8/IL8, whose 
expression is also dependent on the IL‐1β signalling pathway, that 
thereby modulates the tissue microenvironment.[74,75] In this con‐
text, previous studies revealed high levels of IL‐1β in blister fluid 
and serum samples from EBS patients[76,77] and significantly upreg‐
ulated IL‐1β in a mouse model for EBS.[78] In summary, studies on 
EBS‐gen sev keratinocytes’ transcriptomes and proteomes revealed 
a complex landscape of dysregulation, triggered by a single, het‐
erogeneous point mutation within either of the basal keratins, and 
prominently affecting downstream transcriptional targets of the 
IL‐1ß‐induced stress pathway.

Therapeutic approaches to inhibit IL‐1β could thus be beneficial 
to patients through reduction of downstream cellular inflammation. 
Indeed, treatment of EBS‐gen sev patient keratinocytes with diace‐
rein, a small molecule component of rhubarb root and reported IL‐1β 
inhibitor, not only reduced the expression levels of K14 and IL‐1β and 

the phosphorylation levels of JNK, but also stabilized the intermedi‐
ate filament network upon heat shock.[73] Additionally, the invasive 
potential of EBS‐gen sev keratinocytes decreased upon IL‐1ß inhi‐
bition in functional assays, presumably because of reduced matrix 
metalloproteinase expression and increased expression of cell‐junc‐
tion proteins. Our data are in line with the former demonstration 
of reduced overall K14 expression levels upon mRNA correction via 
spliceosome‐mediated RNA trans‐splicing (SMaRT), which shifts the 
expression ratio of wild‐type vs mutated K14 alleles towards wild 
type.[79]

Based on our in vitro data, we launched a double‐blind, ran‐
domized, placebo‐controlled phase 1 pilot study of topical di‐
acerein 1% cream in 5 patients with EBS‐gen sev.[80] Topical 
formulation of oral diacerein (which is already approved for the 
treatment of osteoarthritis) should account for feasibility and fu‐
ture cost‐efficiency while minimizing the probability of systemic 
side effects. The trial design consisted of a 6 weeks open phase, 
which was followed by a randomized treatment withdrawal, where 
one armpit of each patient was assigned to placebo and one to di‐
acerein in a double‐blind manner. Consequently, all patients could 
benefit from the treatment during the open phase and in‐patient 
placebo controls would compensate for individual differences in 
blister numbers. The number of blisters was reduced significantly 
(mean: −78% of baseline) within 2  weeks and remained signifi‐
cantly below the initial level even during withdrawal (suggesting 
a carry‐over effect of the foregoing treatment). No adverse ef‐
fect was reported. Confirmative (monocentric and international 
multi‐centre) phase II/III studies to assess the potential of topical 
diacerein to downregulate the activity of IL‐1 and reduce the auto‐
inflammatory effects in the skin of patients with EBS have been 
recently published.[81] In this 2‐period crossover trial, 17 patients 
were randomized to either placebo or diacerein for a 4‐week treat‐
ment and a 3‐month follow‐up in period 1. After a washout, pa‐
tients were crossed over during period 2. Of the patients receiving 
diacerein, 86% in episode 1% and 37.5% in episode 2 met the pri‐
mary end point (vs 14% and 17% with placebo, respectively), which 
was prespecified as the proportion of patients with a reduction 
of number of blisters by more than 40% from baseline in selected 
areas over the treatment episode. This effect was still significant 
after the follow‐up. Notably, changes in absolute blister numbers 
were significant for the diacerein group only. No adverse effects 
were observed.

While the low patient numbers and no invasive data acquisition 
because of clinical burden in children pose relevant limitations, this 
trial provides evidence of the impact of 1% diacerein cream in the 
treatment of EBS‐gen sev.

2.4 | Gene therapy

So far, only a small number of EB patients have undergone gene 
therapy. These individuals received the classical treatment approach 
termed replacement gene therapy. The treatment, which is suitable 
for recessive forms of EB, relies on ex vivo viral transfer of a functional 

TA B L E  1   Facts from JEB gene replacement therapies

Genetically corrected epidermal grafts LAMB3
•	 Showed regeneration of morphologically normal, fully differ‐

entiated and functional, mechanically stable and non‐blistering 
transgenic skin

•	 Can replace up to 80% of a patient’s diseased skin[84]

•	 Showed sustained synthesis of the transgenic protein[131]

•	 Harbour EpSCs which expanded and ensured long‐term or per‐
manent regeneration[84]

•	 Despite the risk of insertional mutagenesis tumorigenicity has not 
been observed within a follow‐up period of currently more than 
12 y ([83,84,131], and unpublished observations)

•	 Following regeneration, there was no evidence of an immune 
response against the newly expressed protein (unpublished 
observations)
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TA B L E  2   Current strategies of molecular therapy in EB

Therapy Principle Current and past clinical trials Study location, time, results

Gene 
therapy

Gene replace‐
ment (cDNA 
delivery)

Ex vivo gene transfer (viral or 
non‐viral mediated): skin cells 
are cultured, transduced with a 
vector encoding the functional 
cDNA copy of an EB‐causing 
gene and transplanted back via 
grafting of epithelial sheets or 
skin equivalents

JEB: Phase I—ex vivo grafting 
of gene‐corrected epidermal 
sheets with a retroviral vector 
expressing LAMB3 cDNA, in 2 
patients[82,83]

2006, 2016 Austria/Italy
Firmly adherent epidermis that 

proved stable for the duration of 
the follow‐up and beyond without 
any blisters, infections, inflamma‐
tion or immune response

      JEB: Phase I/II—ex vivo grafting of 
gene‐corrected epidermal sheets 
with a gamma‐retroviral vector 
carrying COL17A1 cDNA in 12 
patients (HOLOGENE17)

Ongoing (initiated 04/2018)
Austria

RDEB: Phase I/IIa—ex vivo 
grafting of gene‐corrected 
LZRSE‐COL7A1 engineered 
autologous epidermal sheets in 4 
patients[85]

2010 USA (Stanford)
Healing in some C7 gene‐cor‐

rected grafts, but the response 
was variable among patients and 
among grafted sites and generally 
declined over 1 y

RDEB: Phase I/II—ex vivo grafting 
of gene‐corrected epidermal 
sheets with a gamma‐retroviral 
vector carrying COL7A1 cDNA in 
12 patients

Ongoing (initiated 01/2017)
Austria

Preclinical studies[87,92,95,101,132] UK, France, Italy, USA

Genome 
editing

Designer nucleases (eg CRISPR/
Cas9, TALEN) directly target the 
mutated gene[133‒135]

Preclinical 
studies[86,88‒91,93,94,96‒99,103,104,110]

Austria, China, France, Italy, Spain, 
UK, USA

Gene silencing siRNA: knockdown of the mutant 
allele without silencing the wild‐
type allele

Preclinical studies[136] France

“Natural 
gene 
therapy”

Revertant 
mosaicism

Cultivation/graftingof cells in 
which the inherited mutation 
is corrected by a spontaneous 
genetic event (revertant cells)

JEB: Phase I—in vivo grafting of 
revertant epidermal sheets in 
two patients (COL17A1 mutation, 
LAMB3)[137,138]

2009, 2013 The Netherlands 
(Groningen)
Few cells remained corrected 
in the graft; no clinically useful 
outcomes

Cell‐based 
therapy

Bone marrow 
(BM) stem 
cells

Transplantation (Tx) of allogeneic 
bone marrow (BMT): anti‐in‐
flammatory effect; (supposed) 
theory that BM‐pluripotent 
stem cells can reprogramme to 
keratinocytes and home to the 
skin

RDEB: phase I—allogeneic hemat‐
opoietic cell Tx after an immune‐
myeloablative chemotherapy in 7 
patients (children)[139]

2007 USA (Minnesota)
5 patients showed improved 
wound healing and reduced blis‐
tering (30‐130 d after Tx) 2 deaths 
due to complications

Severe EB: phase II—Biochemical 
correction of severe EB by alloge‐
neic stem cell Tx (bone marrow 
or umbilical cord blood) and “off‐
the‐shelf” mesenchymal stem 
cells in 75 patients

Ongoing (initiated 2010)
USA (Minnesota)

Severe EB: Phase II—Biochemical 
correction of severe EB by al‐
logeneic cell Tx and serial donor 
mesenchymal stem cell infusions 
in 60 patients

Ongoing (initiated 2016)
USA (Minnesota)

(Continues)
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Therapy Principle Current and past clinical trials Study location, time, results

Fibroblasts Injection of WT allogeneic fibro‐
blasts, to substitute the missing 
protein (C7 is synthetized by 
keratinocytes and fibroblasts)

RDEB: Phase I—single intradermal 
injections of allogeneic normal 
fibroblasts to 5 patients[140]

2008, UK
Increased type VII collagen at the 
DEJ at 2 wk and at 3 mo following 
injection and increased anchoring 
fibrils (with altered morphology)

RDEB: Phase II—intradermal injec‐
tions of allogeneic fibroblasts 
in five patients, randomized 
controlled trial (RCT)[141]

2013, Australia
All injected wounds (vehicle and 
allogeneic fibroblast) healed more 
rapidly compared to controls

RDEB: Phase II—single intradermal 
injection of allogeneic fibroblasts 
into the margins of 26 chronic 
erosions in 11 patients (RCT)[142]

2013, UK
All injected wounds healed 
initially (28 d) more rapidly than 
non‐injected wounds, without any 
difference between the cultured 
allogenic fibroblasts and vehicle

Injections of autologous, gene‐
corrected fibroblasts

RDEB: Phase I—intradermal 
injections of lentiviral‐mediated 
COL7A1 gene‐modified autolo‐
gous fibroblasts in 5 patients

Ongoing (initiated 2015)
UK

RDEB: Phase I/II—intradermal 
injections of lentiviral‐mediated 
COL7A1 gene‐modified autolo‐
gous fibroblasts (FCX‐007) in 6 
patients

Ongoing (initiated 2016)
USA (Stanford)

Mesenchymal 
stem cells 
(MSC)

MSCs migrate to injured tis‐
sue and stimulate tissue 
regeneration;

MSCs have anti‐inflammatory and 
immunomodulatory properties;

RDEB: Phase I—intradermal injec‐
tions of allogeneic mesenchymal 
stromal cells in 2 patients[143]

2010, Chile
At week 12, increased healing 
tendency compared to control 
sites. Clinical improvement lasted 
4‐6 mo

    RDEB: Phase I—intravenous infu‐
sions of bone marrow‐derived 
non‐hematopoietic MSCs in 14 
patients[144]

2015, Egypt
Clinical improvement peaked in 
most of the patients after 3 mo; 2 
patients showed improvement for 
at least 1 y

RDEB: Phase I/II—intravenous 
allogeneic mesenchymal stromal 
cells in 10 children (EBSTEM)[145]

2013, UK
Indications of reduced skin inflam‐
mation and improved wound 
healing; no increase in type VII 
collagen or new anchoring fibrils 
detectable in skin biopsies

RDEB: Phase I/II—intravenous 
infusions of third party bone 
MSCs intravenous in 10 adults 
(ADSTEM)

Ongoing (initiated 2015)
UK

RDEB: Phase I/IIa—intrave‐
nous infusions of allogeneic 
ABCB5 + mesenchymal stem cells

Ongoing (initiated 10/2018)
US (Minnesota), Germany

DEB: Phase I/II—hydrogel sheet 
containing allogenic adipose‐de‐
rived mesenchymal stem cells 
(ALLO‐ASC‐DFU) in 5 patients

Ongoing (initiated 10/2015)
Korea

Induced pluri‐
potent stem 
cells (iPSCs)

Reprogramming of somatic cells 
or revertant skin cells into iPSCs 
that can be grown and differ‐
entiated into any cell type (eg 
keratinocytes)

Preclinical studies[91‒93,104,145‒148] USA (Minnesota)
Japan
Austria
Germany

TA B L E  2   (Continued)

(Continues)
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cDNA copy of the defective endogenous gene into keratinocytes 
and/or fibroblasts isolated from skin biopsies, which are then grafted 
back onto the skin. The approach has first been applied in a patient 
with junctional EB caused by mutations in LAMB3[82] and has since 

been used in two additional JEB patients.[83,84] Most recently treated 
patients have undergone good manufacturing practice (GMP)‐
guided ex vivo gene therapy in collaboration with the Center for 
Regenerative Medicine in Modena, Italy (Tables 1 and 2). Two phase I/

Therapy Principle Current and past clinical trials Study location, time, results

RNA‐target‐
ing therapy

Antisense oli‐
gonucleotide 
(AON)‐medi‐
ated exon 
skipping

Specific AONs bind to a mutant 
exon during the pre‐mRNA 
splicing process, whereby the 
exon is skipped resulting in a 
shortened transcript/protein

RDEB: Phase I/II—topical adminis‐
tration of QR‐313 (21‐nucleotide 
AON) in 8 patients with RDEB 
due to mutation(s) in exon 73 of 
COL7A1 (RCT)

Ongoing (initiated 07/2018)
US (Colorado)

Spliceosome‐
mediated 
RNA trans‐
splicing 
(SMaRT)

Mutated region is replaced within 
a targeted pre‐mRNA by its 
wild‐type version by using the 
cell's own splicing machinery

Preclinical 
studies[79,109,113,115‒118,124,149‒151]

Austria

Induced 
premature 
termination 
codon (PTC) 
read‐through

30% of COL7A1 mutations are 
nonsense mutations, leading 
to PTCs and truncated C7 with 
diminished function.

Small molecules (eg aminoglyco‐
sides, amlexanox) can induce 
PTC read‐through

JEB: Phase I/II—topical and intra‐
venous gentamicin treatment 
in 6 patients with laminin 332 
mutations

Ongoing (initiated 05/2018)
US (California)

RDEB: Phase I—topical and intra‐
dermal gentamicin treatment in 5 
patients with COL7A1 nonsense 
mutations[24]

2016, US (California)
topical and intradermal gentamicin 
induced C7 and anchoring fibrils 
at the DEJ persisting for 3 mo; 
Topical gentamicin corrected DEJ 
separation, improved wound clo‐
sure and reduced blister formation

RDEB: Phase I/II—intravenous 
gentamicin treatment in 9 
patients with COL7A1 nonsense 
mutations

Ongoing (initiated 07/2018)
US (California)

Protein 
therapy

Replacement/
delivery of 
the aberrant 
or lacking 
protein

Topical application of transgenic 
HSV‐1

DEB: Phase I/II—Topical KB103 gel 
of non‐integrating, replication‐in‐
competent HSV‐1 expressing the 
human type VII collagen

Ongoing (initiated 05/2018)
US (Stanford)

Injection of C7 RDEB: Phase I/II—intravenous 
injection of collagen VII protein

Recruiting (initiated 11/2018)
US (Stanford)

Small 
molecules

Diacerein Inhibits the in vitro and in vivo 
production and activity of 
interleukin‐1β (IL‐1β) and other 
pro‐inflammatory cytokines

EBS‐gen sev: Phase I—topical 
diacerein 1% for the treatment of 
blisters in 5 patients

2013, Austria
number of blisters was reduced 
significantly within 2 wk and 
remained below the initial level 
during withdrawal in 4 patients

EBS: Phase II—long‐term safety 
and tolerability of diacerein 1% 
ointment

Ongoing (initiated in 2017)
multi‐centre

EB: Phase I—evaluation of the 
pharmacokinetics of diacerein 
and rhein and the safety of 
diacerein 1% ointment topically 
after maximum use

Ongoing (initiated 10/2018)
US, France, Netherlands, UK

AC‐203 Inhibits the production and activ‐
ity of IL‐1β

EBS: Phase I—double‐blind, intra‐
individual comparison, proof‐of‐
concept trial of topical AC‐203 in 
8 patients

Ongoing (initiated 04/2018)
Taiwan

Losartan, 
Ruxolitinib

Antifibrotic drug Preclinical studies[152] Germany

Rigosertib Polo‐like kinase 1 (PLK1) inhibitor RDEB: Phase II—”First in EB” oral 
treatment for EB SCCS

Ongoing (initiated 08/2017)
Austria

TA B L E  2   (Continued)
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II trials, one of which for recessive dystrophic EB (COL7A1, EudraCT‐
No 2015‐004592‐74) and the other one for junctional EB (COL17A, 
EudraCT‐No 2016‐000095‐17), are currently recruiting. A similar 
study in which RDEB patients received transgenic autologous epider‐
mal equivalents was recently performed at Stanford University.[85]

While replacement gene therapy is incapable to overcome dom‐
inant‐negative interference in the majority of EBS or DDEB forms, 
sustained expression of the functional transgene can replace the 
function of the endogenous non‐functional genes sufficiently to 
revert the phenotype in autosomal recessive diseases. An enduring 
replacement gene therapy relies on viral transfection of human epi‐
dermal stem cells with (full‐length) wild‐type cDNA. The protocol 
involves isolation of primary patient keratinocytes, which are ex‐
panded ex vivo in cell culture from a small skin biopsy. The presence 
of a sufficiently high number of epidermal stem cells (EpSCs) in the 
primary cultures prior to gene transfer and growth of transgenic cells 
into epidermal equivalents used for grafting accounts for permanent 
regeneration of a healthy, functional and renewing epidermis and 
extra‐/cellular environment. This can be a major challenge as EB 
patients may harbour a very limited number of EpSCs, which fur‐
ther decreases with the age of the patient as a result of continuous 
wounding and scarring.

As part of clinical studies involving gene therapy, several param‐
eters need testing such as the efficiency of the viral gene transduc‐
tion and safety with respect to genotoxicity. Finally, the transgenic 
cells, including EpSCs, are expanded and grown into cohesive epi‐
dermal sheets, which are grafted back onto a surgically prepared 
wound bed following established procedures similar to those used in 
the treatment of burn injuries.

While the vast majority of transduced keratinocytes are transit‐
amplifying progenitors and differentiated keratinocytes, which are 
lost within weeks to few months after grafting, survival of a small 
number of long‐lived, extensively renewing transgenic EpSCs that 
produce progenitors replenishing terminally differentiated keratino‐
cytes is sufficient to restore and sustain normal skin function and 
regeneration, when being transplanted onto wounded sites.[84]

Although this is not a systemic therapy, wound closure especially 
at sites of chronic and/or large blistering erosions can improve qual‐
ity of life by reduction of itch, pain, inflammation, body fluid and 
protein loss, strengthening of microbial defense and prevention of 
cancer formation out of predisposing long‐standing wounds in junc‐
tional and dystrophic variants of EB. Therefore, ex vivo gene ther‐
apies based on highly efficient retroviral transduction of full‐length 
cDNA (LAMB3, COL7A1, COL17A1) to replace the function of the mu‐
tant endogenous genes have become a realistic treatment for gener‐
alized intermediate junctional and recessive dystrophic EB.

3  | FROM REPL ACEMENT GENE THER APY 
TO PRECISION MEDICINE

Considerations to advance the above‐described strategy of cell and 
gene therapy include the employment of designer nucleases such as 

clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR‐associated protein 9 (Cas9) capable of mediating gene edit‐
ing to correct distinct mutations at their endogenous loci. Instead 
of replacing the function of the mutant gene by adding a wild‐type 
cDNA, this technology allows the potentially traceless repair of the 
genetic mutation itself, eliminating the risk of insertional mutagen‐
esis resulting from random transgene integrations.

3.1 | Gene editing

Whereas retroviral transduction of a cDNA is highly efficient, the 
random integration of the transgene remains a risk. This risk can 
be eliminated by using the next‐generation gene therapy technol‐
ogy relying on designer nucleases. The nucleases are engineered to 
target the locus of interest specifically. They are transiently trans‐
fected and capable of inducing deletion or repair of disease‐causing 
mutations.

Most efforts to develop gene editing–based therapies for EB 
have focused on the correction of RDEB or DDEB mutations in 
COL7A1,[86‒94], whereas JEB (LAMA3[95] and LAMB3[96]) and EBS 
(KRT5[97], KRT14[98]) were less frequently reported. In contrast to 
replacement gene therapies, where one vector can be used to treat 
all EB patients with recessive mutations in a specific gene, most 
designer nuclease‐mediated approaches that aim to repair gene de‐
fects are patient‐ or rather mutation‐specific. The endogenous DNA 
damage repair mechanisms triggered and harnessed by the technol‐
ogy require that designer nucleases target specific DNA sequences 
in close proximity to the mutation site. For genes such as COL7A1 
with a size of >30 kb and disease‐causing mutations spread almost 
along the entire length of the gene, this is challenging. Among the 
first targets chosen from our laboratory and others to develop ef‐
ficient nucleases were therefore hot‐spot mutations such as the 
c.6527insC in exon 80 of COL7A1, which is highly prevalent in the 
Spanish dystrophic EB patient population.[86,88,94,99]

Dominant‐negative mutations such as those common in EBS can 
be corrected in different ways. In addition to a mutation‐specific re‐
pair approach for a KRT14 mutation,[98] we developed another treat‐
ment approach based on deletion of a mutant keratin 5 allele while 
leaving the wild‐type allele intact and taking over the function.[97] 
The latter study demonstrated that one gene‐specific designer nu‐
clease could be employed to inactivate any EBS‐causing mutant 
KRT5 allele by inducing insertions or deletions (indels) via the error‐
prone non‐homologous end‐joining (NHEJ) repair pathway causing a 
frameshift at a site within the target gene that is independent on the 
location of the disease‐causing mutation.

First attempts of gene editing mutations associated with EB 
used meganucleases.[89] These were soon replaced by approaches 
employing the more specific transcription activator‐like effector 
nucleases (TALEN).[86,91,97,99] Due to the straightforward use and 
rapid advancement of the technology, CRISPR is today dominating 
the gene editing field. Whereas most CRISPR approaches harnessed 
the DNA double‐strand break inducing Streptococcus pyogenes Cas9 
(SpCas9) nuclease variants, we have recently developed double 
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nicking approaches based on single‐strand DNA breaks (nicks) at the 
targeting site with the intention to reduce off‐target site effects.[88,98] 
Compared to the extremely high numbers of off‐target site modifi‐
cations inherent to replacement gene therapies resulting from multi‐
ple random integrations in the treated cells, off‐target mutations are 
rare or non‐existent upon designer nuclease treatment.[100]

While most gene editing approaches published to date for EB 
used viral transfer of the nuclease or the repair template or both,[86

,87,89,92,94‒96,101‒105] we are focusing on the development of non‐viral 
delivery[88,98] and traceless targeting[97] approaches with a view to 
translation into the clinic. Although non‐viral keratinocyte transfec‐
tion is less efficient and, instead of nearly 100% viral transduction 
efficiency, reaches maximally 70% efficiency, it avoids the risk of 
insertional mutagenesis. Novel safer non‐viral transfer methods are 
currently being developed.[106‒108] Like replacement gene therapy, 
the majority of the current gene editing approaches aim for ex vivo 
therapy often including a selection step before grafting of corrected 
cells. We showed that plasmid DNA can be delivered and expressed 

following gene gun delivery into the skin of mice.[109] Wu et al[110] 
demonstrated data where they successfully targeted EpSC in vivo 
by electroporation of RNPs, consisting of CRISPR/Cas9 and gRNA, 
in an RDEB mouse model.

Gene therapy targeting keratinocytes and/or fibroblasts[87,101] 
allows treatment of patches or larger areas of the skin. The severe 
types of EB, however, also involve internal organs, demanding a sys‐
temic approach.

3.2 | RNA editing

Spliceosome‐mediated trans‐splicing (SMaRT) technology allows 
correction of dominant or recessive mutations at mRNA level. 
Specifically designed RNA trans‐splicing molecules (RTMs) bind to 
the target pre‐mRNA and replace mutant exons by wild‐type se‐
quences. RTMs are capable of replacing large parts of a transcript 
and a single type of therapeutic molecule could therefore be used 
to treat patients with several mutations.[109,111] Because SMaRT 

TA B L E  3   Comparison of EB therapy approaches

 

Gene therapy Cell therapy RNA‐targeting therapy

Protein 
therapy (g)

Gene replace‐
ment (a)

Gene edit‐
ing (b)

Revertant cell 
therapy (mo‐
saicism) (c) BM‐SC Tx (d)

Other cell 
types (fibro‐
blasts, MSCs) 
(e) AON PTC SMaRT

Advantages

Systemic application 
feasible

− −/+ − + −/+ + + − +

Long‐term correction + + + − − − − − −

Specific (gene/se‐
quence) targeting

− + − − − + − + −

Personalized therapy − +/− + − − + + + +

Applicable for

Recessive EB forms + + + + + + + + +

Dominant EB forms − + +/− N/A N/A + − + (+)

Combination therapy 
reasonable with

(e) (e), iPSCa iPSC − (a), (b), iPSC − − − −

Limitations

Tumorigenesis + + (in‐
sertional 
mutagenesis)

− − + (immuno‐
suppression)

+/− (immuno‐
suppression)

unk unk unk −

Estimated risk of off‐
target effects

++ + − − − + + + −

Risk of adverse immu‐
nological response

+ + − + + + + + +

Major side effects − unk − + (procedure 
related)

− unk unk unk unk

Invasiveness + + + + − − − − −

High degree of 
complexity

++ ++ + + − − − − −

Efficiency ++ + N/A N/A N/A + N/A N/A N/A

Abbreviations: ++, to a very great extend; +, largely true; +/−, partly true; −, not true, unk, unknown; N/A, not applicable, (+), theoretically possible.
aiPSC, induced pluripotent stem cells, differentiated into other cell types (eg keratinocytes, fibroblasts). 
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targets RNA rather than DNA, the corrections are not permanent 
and the risk of mutagenesis is low. The transient nature of the cor‐
rection at mRNA level however means that the treatment has to 
be repeated to result in an improvement of the disease phenotype. 
In the case of collagen type VII with a predicted half‐life of several 
weeks,[112] the effect of an application can be relatively long lasting. 
We demonstrated delivery of functional RTMs into murine epider‐
mis and upper dermis with a gene gun.[109] Specific RTMs for several 
genes involved in EB have been developed at the EB House Austria 
(COL7A1, Col17A1, KRT14 and PLEC[79,88,113‒118]) and holds US and 
European patents on improved RTMs and their uses (US8735366, 
EP2320952).

Some EB‐causing mutations reside in exons that are non‐essen‐
tial for the function of the protein that is encoded by the gene.[119] 
Within COL7A1, exons 79, 73 and 80 are dispensable and can, in the 
presence of specifically designed antisense oligonucleotides (ASOs), 
be skipped during pre‐mRNA splicing.[120‒122] Furthermore, ASOs 
can be employed to modulate and improve SMaRT efficiency.[123,124] 
With approximately 21 nucleotides in length, ASOs are relatively 
small and can be chemically modified to increase their stability. ASO 
therapeutics has recently been approved in the United States for 
Duchenne muscular dystrophy and in the United States and Europe 
for spinal muscular atrophy. An exon 73‐skipping ASO trial for RDEB 
is currently recruiting patients in the United States.

4  | CONCLUSIONS AND FUTURE 
CHALLENGES OF EB RESE ARCH

Epidermolysis bullosa research has advanced considerably in the past 
decade (Table  3), and wound and pain management has improved. 
Inclusion of several clinical disciplines in addition to dermatology has 
proven essential in order to provide comprehensive care for EB pa‐
tients. Novel highly efficient cancer therapies give hope in the battle 
to fight the aggressive SCCs in the most severe EB forms. Guidelines 
on oral health care,[125] pain management,[126] wound care[127‒129] and 
cancer management[130] were compiled and made available. Networks 
connecting clinicians, patients and caregivers have now formed world‐
wide. The EB2018 Research Conference hosted in Salzburg by the EB 
House and organized by its EB‐CLINET branch highlighted recent 
progress aimed at improving EB patient's quality of life.[4] A variety of 
new research areas with relevance to EB were also represented. EB is 
clearly not restricted to the visibly affected skin but has to be regarded 
as a severe systemic disease requiring input from a large range of spe‐
cializations. The impact of chronic inflammation, fibrosis and the mi‐
crobiome on the development of SCCS in the most severe forms of EB 
has become apparent, and a growing number of promising new targets 
for treatments are emerging. Strong efforts are being made to set up 
a registry that allows identification of suitable candidates for essential 
clinical trials despite the fact that EB is a rare disease.

The molecular tools that allow micro‐surgery to correct disease‐
causing mutations within the affected genes were discovered only 
recently and have since been continuously improved. Gene editing 

technology is breaking new grounds of research with the prospect 
of devising permanent, safe, tolerable and feasible delivery of local 
and possibly systemic treatments for inherited diseases. Applied at 
an early stage, efficient gene therapies may prevent the develop‐
ment of symptoms and at later stages prevent disease progression 
involving the development of devastating chronic EB lesions and 
life‐threatening cutaneous SCC. There are still major challenges but 
also exciting discoveries ahead.

ACKNOWLEDG EMENTS

We thank DEBRA Austria for funding.

CONFLIC T OF INTERE S T

JWB owns shares of the company Diaderm, which receives li‐
cence payments from Castle Creek Pharma (CCP). CCP is con‐
ducting a phase 2/3 study with a diacerein‐containing ointment 
(NCT03154333). JWB was holder of the EMA orphan drug designa‐
tion on diacerein in epidermolysis bullosa.

AUTHOR CONTRIBUTIONS

CP, JR and ML wrote the original draft. CP, JR and ML and JWB re‐
viewed and edited the manuscript. All authors have read and ap‐
proved the final manuscript.

ORCID

Julia Reichelt   https://orcid.org/0000-0002-4358-7011 

R E FE R E N C E S

	 [1]	 J. D. Fine, H. Hintner, Life with Epidermolysis bullosa (EB). Etiology, 
Diagnosis, Multidisciplinary Care and Therapy.. Springer, Vienna 
2009.

	 [2]	 L. Bruckner‐Tuderman, J. A. McGrath, E. C. Robinson, J. Uitto, J. 
Invest. Dermatol. 2013, 133, 2121.

	 [3]	 J. D. Fine, R. A. Eady, E. A. Bauer, J. W. Bauer, L. Bruckner‐Tuderman, 
A. Heagerty, H. Hintner, A. Hovnanian, M. F. Jonkman, I. Leigh, J. A. 
McGrath, J. E. Mellerio, D. F. Murrell, H. Shimizu, J. Uitto, A. Vahlquist, 
D. Woodley, G. Zambruno, J. Am. Acad. Dermatol. 2008, 58, 931.

	 [4]	 J. Uitto, L. Bruckner‐Tuderman, J. A. McGrath, R. Riedl, C. 
Robinson, J. Invest. Dermatol. 2018, 138, 1010.

	 [5]	 J. Uitto, G. Richard. Am. J. Med. Genet. Part C (Semin. Med. Genet.) 
2004, 131C, 61.

	 [6]	 Y. He, K. Maier, J. Leppert, I. Hausser, A. Schwieger‐Briel, L. Weibel, 
M. Theiler, D. Kiritsi, H. Busch, M. Boerries, K. Hannula‐Jouppi, H. 
Heikkila, K. Tasanen, D. Castiglia, G. Zambruno, C. Has, Am. J. Hum. 
Genet. 2016, 99, 1395.

	 [7]	 J. Y. W. Lee, L. Liu, C. K. Hsu, S. Aristodemou, L. Ozoemena, M. 
Ogboli, C. Moss, A. E. Martinez, J. E. Mellerio, J. A. McGrath, J. 
Invest. Dermatol. 2017, 137, 1378.

	 [8]	 Z. Lin, S. Li, C. Feng, S. Yang, H. Wang, D. Ma, J. Zhang, M. Gou, D. 
Bu, T. Zhang, X. Kong, X. Wang, O. Sarig, Y. Ren, L. Dai, H. Liu, J. 
Zhang, F. Li, Y. Hu, G. Padalon‐Brauch, D. Vodo, F. Zhou, T. Chen, 
H. Deng, E. Sprecher, Y. Yang, X. Tan, Nat. Genet. 2016, 48, 1508.

https://orcid.org/0000-0002-4358-7011
https://orcid.org/0000-0002-4358-7011


1186  |     PRODINGER et al.

	 [9]	 H. Vahidnezhad, L. Youssefian, A. H. Saeidian, H. Mahmoudi, A. 
Touati, M. Abiri, A. M. Kajbafzadeh, S. Aristodemou, L. Liu, J. A. 
McGrath, A. Ertel, E. Londin, A. Kariminejad, S. Zeinali, P. Fortina, 
J. Uitto, Matrix Biol. 2018, 66, 22.

	[10]	 H. Vahidnezhad, L. Youssefian, A. H. Saeidian, A. Touati, S. 
Pajouhanfar, T. Baghdadi, A. A. Shadmehri, C. Giunta, M. Kraenzlin, 
D. Syx, F. Malfait, C. Has, S. M. Lwin, R. Karamzadeh, L. Liu, A. Guy, 
M. Hamid, A. Kariminejad, S. Zeinali, J. A. McGrath, J. Uitto, Matrix 
Biol. 2018.

	[11]	 L. Pulkkinen, F. Rouan, L. Bruckner‐Tuderman, R. Wallerstein, M. 
Garzon, T. Brown, L. Smith, W. Carter, J. Uitto, Am. J. Hum. Genet. 
1998, 63, 1376.

	[12]	 M. Di Salvio, E. Piccinni, G. Di Zenzo, A. Orecchia, F. Cianfarani, A. 
Conti, G. Zambruno, T. Odorisio, D. Castiglia, J. Invest. Dermatol. 
2012, 132, S91.

	[13]	 V. Kuttner, C. Mack, K. T. Rigbolt, J. S. Kern, O. Schilling, H. Busch, 
L. Bruckner‐Tuderman, J. Dengjel, Mol. Syst. Biol. 2013, 9, 657.

	[14]	 M. Laimer, J. W. Bauer, D. F. Murrell. Epidemiology, pathogenesis, 
and clinical features of epidermolysis bullosa. UpToDate online in‐
formation source 2017.

	[15]	 D. F. Murrell, Dermatol. Clin. 2010, 28, xix.
	[16]	 C. L. Boull, S. A. Hylwa, D. Sajic, J. E. Wagner, J. Tolar, K. P. Hook, J. 

Pediatr. 2016, 173, 242.
	[17]	 C. L. Ebens, J. A. McGrath, K. Tamai, A. Hovnanian, J. E. Wagner, 

M. J. Riddle, D. R. Keene, T. E. DeFor, R. Tryon, M. Chen, D. T. 
Woodley, K. Hook, J. Tolar, Br. J. Dermatol. 2019. ttps://doi.
org/10.1111/bjd.17858​. [Epub ahead of print]

	[18]	 M. B. Geyer, K. Radhakrishnan, R. Giller, N. Umegaki, S. Harel, 
M. Kiuru, K. D. Morel, N. LeBoeuf, J. Kandel, A. Bruckner, S. 
Fabricatore, M. Chen, D. Woodley, J. McGrath, L. Baxter‐Lowe, J. 
Uitto, A. M. Christiano, M. S. Cairo, J. Pediatr. 2015, 167, 765.

	[19]	 J. E. Wagner, A. Ishida‐Yamamoto, J. A. McGrath, M. Hordinsky, 
D. R. Keene, D. T. Woodley, M. Chen, M. J. Riddle, M. J. Osborn, T. 
Lund, M. Dolan, B. R. Blazar, J. Tolar, N. Engl. J. Med. 2010, 363, 629.

	[20]	 J. Hammersen, C. Has, N. Naumann‐Bartsch, D. Stachel, D. 
Kiritsi, S. Soder, M. Tardieu, M. Metzler, L. Bruckner‐Tuderman, H. 
Schneider, J. Invest. Dermatol. 2016, 136, 2150.

	[21]	 V. S. Atanasova, Q. Jiang, M. Prisco, C. Gruber, J. Pinon Hofbauer, 
M. Chen, C. Has, L. Bruckner‐Tuderman, J. A. McGrath, J. Uitto, A. 
P. South, J. Invest. Dermatol. 2017, 137, 1842.

	[22]	 J. Cogan, J. Weinstein, X. Wang, Y. Hou, S. Martin, A. P. South, D. 
T. Woodley, M. Chen, Mol. Ther. 2014, 22, 1741.

	[23]	 V. Lincoln, J. Cogan, Y. Hou, M. Hirsch, M. Hao, V. Alexeev, M. De 
Luca, L. De Rosa, J. W. Bauer, D. T. Woodley, M. Chen, Proc. Natl 
Acad. Sci. USA 2018, 115, E6536.

	[24]	 D. T. Woodley, J. Cogan, Y. P. Hou, C. Lyu, M. P. Marinkovich, D. 
Keene, M. Chen, J. Clin. Invest. 2017, 127, 3028.

	[25]	 Y. Hou, L. T. Guey, T. Wu, R. Gao, J. Cogan, X. Wang, E. Hong, W. 
Vivian Ning, D. Keene, N. Liu, Y. Huang, C. Kaftan, B. Tangarone, I. 
Quinones‐Garcia, J. Uitto, O. L. Francone, D. T. Woodley, M. Chen, 
J. Invest. Dermatol. 2015, 135, 3060.

	[26]	 J. D. Fine, L. B. Johnson, M. Weiner, K. P. Li, C. Suchindran, J. Am. 
Acad. Dermatol. 2009, 60, 203.

	[27]	 E. Maubec, P. Petrow, I. Scheer‐Senyarich, P. Duvillard, L. Lacroix, 
J. Gelly, A. Certain, X. Duval, B. Crickx, V. Buffard, N. Basset‐
Seguin, P. Saez, A. B. Duval‐Modeste, H. Adamski, S. Mansard, F. 
Grange, A. Dompmartin, S. Faivre, F. Mentre, M. F. Avril, J. Clin. 
Oncol. 2011, 29, 3419.

	[28]	 A. Stratigos, C. Garbe, C. Lebbe, J. Malvehy, V. del Marmol, 
H. Pehamberger, K. Peris, J. C. Becker, I. Zalaudek, P. Saiag, 
M. R. Middleton, L. Bastholt, A. Testori, J. J. Grob, European 
Dermatology Forum (EDF), European Association of Dermato‐
Oncology (EADO), European Organization for Research and 
Treatment of Cancer (EORTC). Eur. J. Cancer 2015, 51, 1989.

	[29]	 S. Euvrard, J. Kanitakis, A. Claudy, N. Engl. J. Med. 2003, 348, 1681.

	[30]	 S. Euvrard, J. Kanitakis, C. Pouteil‐Noble, G. Dureau, J. L. Touraine, 
M. Faure, A. Claudy, J. Thivolet, J. Am. Acad. Dermatol. 1995, 33, 
222.

	[31]	 J. C. Martinez, C. C. Otley, T. Stasko, S. Euvrard, C. Brown, C. 
F. Schanbacher, A. L. Weaver, C. Transplant‐Skin Cancer, Arch. 
Dermatol. 2003, 139, 301.

	[32]	 F. O'Reilly Zwald, M. Brown, J. Am. Acad. Dermatol. 2011, 65, 263.
	[33]	 A. Tsukada, T. Fujimura, S. Furudate, Y. Kambayashi, Y. Numata, T. 

Haga, A. Hashimoto, S. Aiba, Case Rep. Dermatol. 2012, 4, 197.
	[34]	 S. K. Tyring, V. Chopra, L. Johnson, J. D. Fine, Arch. Dermatol. 1989, 

125, 797.
	[35]	 C. Y. Mu, J. A. Huang, Y. Chen, C. Chen, X. G. Zhang, Med. Oncol. 

2011, 28, 682.
	[36]	 R. H. Thompson, M. D. Gillett, J. C. Cheville, C. M. Lohse, H. Dong, 

W. S. Webster, L. Chen, H. Zincke, M. L. Blute, B. C. Leibovich, E. 
D. Kwon, Cancer 2005, 104, 2084.

	[37]	 Y. Zhang, S. Huang, D. Gong, Y. Qin, Q. Shen, Cell. Mol. Immunol. 
2010, 7, 389.

	[38]	 G. J. Freeman, A. J. Long, Y. Iwai, K. Bourque, T. Chernova, H. 
Nishimura, L. J. Fitz, N. Malenkovich, T. Okazaki, M. C. Byrne, H. F. 
Horton, L. Fouser, L. Carter, V. Ling, M. R. Bowman, B. M. Carreno, 
M. Collins, C. R. Wood, T. Honjo, J. Exp. Med. 2000, 192, 1027.

	[39]	 A. Pedoeem, I. Azoulay‐Alfaguter, M. Strazza, G. J. Silverman, A. 
Mor, Clin. Immunol. 2014, 153, 145.

	[40]	 S. L. Topalian, C. G. Drake, D. M. Pardoll, Curr. Opin. Immunol. 
2012, 24, 207.

	[41]	 C. Kyi, M. A. Postow, FEBS Lett. 2014, 588, 368.
	[42]	 L. B. Alexandrov, S. Nik‐Zainal, D. C. Wedge, S. A. Aparicio, S. 

Behjati, A. V. Biankin, G. R. Bignell, N. Bolli, A. Borg, A. L. Borresen‐
Dale, S. Boyault, B. Burkhardt, A. P. Butler, C. Caldas, H. R. Davies, 
C. Desmedt, R. Eils, J. E. Eyfjord, J. A. Foekens, M. Greaves, F. 
Hosoda, B. Hutter, T. Ilicic, S. Imbeaud, M. Imielinski, N. Jager, D. 
T. Jones, D. Jones, S. Knappskog, M. Kool, S. R. Lakhani, C. Lopez‐
Otin, S. Martin, N. C. Munshi, H. Nakamura, P. A. Northcott, M. 
Pajic, E. Papaemmanuil, A. Paradiso, J. V. Pearson, X. S. Puente, K. 
Raine, M. Ramakrishna, A. L. Richardson, J. Richter, P. Rosenstiel, 
M. Schlesner, T. N. Schumacher, P. N. Span, J. W. Teague, Y. Totoki, 
A. N. Tutt, R. Valdes‐Mas, M. M. van Buuren, L. van't Veer, A. 
Vincent‐Salomon, N. Waddell, L. R. Yates, I. Australian Pancreatic 
Cancer Genome, I. B. C. Consortium, I. M.‐S. Consortium, I. 
PedBrain, J. Zucman‐Rossi, P. A. Futreal, U. McDermott, P. Lichter, 
M. Meyerson, S. M. Grimmond, R. Siebert, E. Campo, T. Shibata, S. 
M. Pfister, P. J. Campbell, M. R. Stratton. Nature 2013, 500, 415.

	[43]	 C. R. Pickering, J. H. Zhou, J. J. Lee, J. A. Drummond, S. A. Peng, R. 
E. Saade, K. Y. Tsai, J. L. Curry, M. T. Tetzlaff, S. Y. Lai, J. Yu, D. M. 
Muzny, H. Doddapaneni, E. Shinbrot, K. R. Covington, J. Zhang, S. 
Seth, C. Caulin, G. L. Clayman, A. K. El‐Naggar, R. A. Gibbs, R. S. 
Weber, J. N. Myers, D. A. Wheeler, M. J. Frederick, Clin. Cancer Res. 
2014, 20, 6582.

	[44]	 A. Walter, M. J. Barysch, S. Behnke, P. Dziunycz, B. Schmid, E. 
Ritter, S. Gnjatic, G. Kristiansen, H. Moch, A. Knuth, R. Dummer, 
M. van den Broek, Clin. Cancer Res. 2010, 16, 3562.

	[45]	 E. B. Belai, C. E. de Oliveira, T. H. Gasparoto, R. N. Ramos, S. A. 
Torres, G. P. Garlet, K. A. Cavassani, J. S. Silva, A. P. Campanelli, 
Carcinogenesis 2014, 35, 424.

	[46]	 S. F. Powell, S. V. Liu, A. Sukari, C. H. Chung, J. Bauml, R. I. Haddad, 
C. K. Gause, M. Niewood, L. L. Gammage, H. Brown, A. Meister, 
J. D. Cheng, M. M. Gitau, J. Clin. Oncol. 2015, 33, suppl abstr 
TPS3094.

	[47]	 T. Y. Seiwert, R. I. Haddad, S. Gupta, R. Mehra, M. Tahara, R. 
Berger, S. H. Lee, B. Burtness, D. T. Le, K. Heath, A. Blum, M. 
Dolled‐Filhart, K. Emancipator, K. Pathiraja, J. D. Cheng, L. Q. 
Chow, J. Clin. Oncol. 2015, 33, suppl abstr LBA6008. 

	[48]	 J. Chang, G. A. Zhu, C. Cheung, S. Li, J. Kim, A. L. Chang, JAMA 
Dermatol. 2017, 153, 285.

https://doi.org/10.1111/bjd.17858
https://doi.org/10.1111/bjd.17858


     |  1187PRODINGER et al.

	[49]	 M. R. Migden, D. Rischin, C. D. Schmults, A. Guminski, A. Hauschild, 
K. D. Lewis, C. H. Chung, L. Hernandez‐Aya, A. M. Lim, A. L. S. 
Chang, G. Rabinowits, A. A. Thai, L. A. Dunn, B. G. M. Hughes, N. 
I. Khushalani, B. Modi, D. Schadendorf, B. Gao, F. Seebach, S. Li, J. 
Li, M. Mathias, J. Booth, K. Mohan, E. Stankevich, H. M. Babiker, I. 
Brana, M. Gil‐Martin, J. Homsi, M. L. Johnson, V. Moreno, J. Niu, T. 
K. Owonikoko, K. P. Papadopoulos, G. D. Yancopoulos, I. Lowy, M. 
G. Fury, N. Engl. J. Med. 2018, 379, 341.

	[50]	 J. K. Winkler, R. Schneiderbauer, C. Bender, O. Sedlaczek, S. 
Frohling, R. Penzel, A. Enk, J. C. Hassel, Br. J. Dermatol. 2017, 176, 
498.

	[51]	 R. N. Al‐Rohil, A. J. Tarasen, J. A. Carlson, K. Wang, A. Johnson, R. 
Yelensky, D. Lipson, J. A. Elvin, J. A. Vergilio, S. M. Ali, J. Suh, V. A. 
Miller, P. J. Stephens, P. Ganesan, F. Janku, D. D. Karp, V. Subbiah, 
M. C. Mihm, J. S. Ross, Cancer 2016, 122, 249.

	[52]	 L. Borradori, B. Sutton, P. Shayesteh, G. A. Daniels, Br. J. Dermatol. 
2016, 175, 1382.

	[53]	 D. T. Le, J. N. Durham, K. N. Smith, H. Wang, B. R. Bartlett, L. K. 
Aulakh, S. Lu, H. Kemberling, C. Wilt, B. S. Luber, F. Wong, N. S. 
Azad, A. A. Rucki, D. Laheru, R. Donehower, A. Zaheer, G. A. Fisher, 
T. S. Crocenzi, J. J. Lee, T. F. Greten, A. G. Duffy, K. K. Ciombor, A. 
D. Eyring, B. H. Lam, A. Joe, S. P. Kang, M. Holdhoff, L. Danilova, 
L. Cope, C. Meyer, S. Zhou, R. M. Goldberg, D. K. Armstrong, K. 
M. Bever, A. N. Fader, J. Taube, F. Housseau, D. Spetzler, N. Xiao, 
D. M. Pardoll, N. Papadopoulos, K. W. Kinzler, J. R. Eshleman, B. 
Vogelstein, R. A. Anders, L. A. Diaz Jr, Science 2017, 357, 409.

	[54]	 A. Picard, F. Pedeutour, F. Peyrade, L. Saudes, V. Duranton‐
Tanneur, E. Chamorey, N. Cardot‐Leccia, A. Sudaka, M. Ettaiche, M. 
Benchetrit, G. Poissonnet, N. Weinbreck, B. Dadone, J. P. Lacour, T. 
Passeron, H. Montaudie, JAMA Dermatol. 2017, 153, 291.

	[55]	 M. L. Stevenson, C. Q. Wang, M. Abikhair, N. Roudiani, D. Felsen, J. 
G. Krueger, A. C. Pavlick, J. A. Carucci, JAMA Dermatol. 2017, 153, 
299.

	[56]	 M. Kim, D. F. Murrell, Eur. J. Dermatol. 2015, 25(suppl 1), 30.
	[57]	 H. A. Brandling‐Bennett, K. D. Morel, Pediatr. Dermatol. 2010, 27, 

25.
	[58]	 T. R. Johnson, B. I. Gomez, M. K. McIntyre, M. A. Dubick, R. J. 

Christy, S. E. Nicholson, D. M. Burmeister, Int. J. Mol. Sci. 2018, 19, 
E2699.

	[59]	 E. Hoste, E. N. Arwert, R. Lal, A. P. South, J. C. Salas‐Alanis, D. F. 
Murrell, G. Donati, F. M. Watt, Nat. Commun. 2015, 6, 5932.

	[60]	 A. Izadpanah, R. L. Gallo, J. Am. Acad. Dermatol. 2005, 52, 381.
	[61]	 M. Carretero, M. J. Escamez, M. Garcia, B. Duarte, A. Holguin, L. 

Retamosa, J. L. Jorcano, M. D. Rio, F. Larcher, J. Invest. Dermatol. 
2008, 128, 223.

	[62]	 J. D. Heilborn, G. Weber, A. Gronberg, C. Dieterich, M. Stahle, Exp. 
Dermatol. 2010, 19, 332.

	[63]	 R. Koczulla, G. von Degenfeld, C. Kupatt, F. Krotz, S. Zahler, T. Gloe, 
K. Issbrucker, P. Unterberger, M. Zaiou, C. Lebherz, A. Karl, P. Raake, 
A. Pfosser, P. Boekstegers, U. Welsch, P. S. Hiemstra, C. Vogelmeier, 
R. L. Gallo, M. Clauss, R. Bals, J. Clin. Invest. 2003, 111, 1665.

	[64]	 A. M. van der Does, P. Bergman, B. Agerberth, L. Lindbom, J. 
Leukoc. Biol. 2012, 92, 735.

	[65]	 A. F. Gombart, N. Borregaard, H. P. Koeffler, FASEB J. 2005, 19, 
1067.

	[66]	 A. L. Bruckner, L. A. Bedocs, E. Keiser, J. Y. Tang, C. Doernbrack, 
H. A. Arbuckle, S. Berman, K. Kent, L. K. Bachrach, J. Am. Acad. 
Dermatol. 2011, 65, 1001.

	[67]	 C. Guttmann‐Gruber, B. Tockner, C. Scharler, C. Huttner, J. E. 
Common, A. S. L. Tay, S. L. I. J. Denil, A. Klausegger, A. Trost, J. 
Breitenbach, P. Schnitzhofer, P. Hofbauer, M. Wolkersdorfer, A. 
Diem, M. Laimer, D. Strunk, J. W. Bauer, J. Reichelt, R. Lang, J. P. 
Hofbauer, Sci. Rep. 2018, 8, 13430.

	[68]	 M. Lebwohl, A. Menter, J. Koo, S. R. Feldman, J. Am. Acad. Dermatol. 
2004, 50, 416.

	[69]	 H. Takahashi, M. Ibe, M. Kinouchi, A. Ishida‐Yamamoto, Y. 
Hashimoto, H. Iizuka, J. Dermatol. Sci. 2003, 31, 21.

	[70]	 M. Zanetti, Curr. Issues Mol. Biol. 2005, 7, 179.
	[71]	 J. C. Chamcheu, H. Navsaria, I. Pihl‐Lundin, M. Liovic, A. Vahlquist, 

H. Torma, J. Invest. Dermatol. 2011, 131, 1684.
	[72]	 M. Wagner, A. Trost, H. Hintner, J. W. Bauer, K. Onder, Exp. 

Dermatol. 2013, 22, 292.
	[73]	 V. Wally, T. Lettner, P. Peking, D. Peckl‐Schmid, E. M. Murauer, S. 

Hainzl, H. Hintner, J. W. Bauer, J. Invest. Dermatol. 1901, 2013, 133.
	[74]	 I. M. Freedberg, M. Tomic‐Canic, M. Komine, M. Blumenberg, J. 

Invest. Dermatol. 2001, 116, 633.
	[75]	 T. Lettner, R. Lang, A. Klausegger, S. Hainzl, J. W. Bauer, V. Wally, 

PLoS ONE 2013, 8, e70123.
	[76]	 G. Annicchiarico, M. G. Morgese, S. Esposito, G. Lopalco, M. 

Lattarulo, M. Tampoia, D. Bonamonte, L. Brunetti, A. Vitale, G. 
Lapadula, L. Cantarini, F. Iannone, Medicine (Baltimore) 2015, 94, 
e1528.

	[77]	 T. Imaizumi, K. Nomura, I. Hashimoto, Y. Sawada. Clin. Physiol. 
Biochem. 1990, 8, 179.

	[78]	 H. Lu, J. Chen, L. Planko, P. Zigrino, L. Klein‐Hitpass, T. M. Magin, J. 
Invest. Dermatol. 2007, 127, 2781.

	[79]	 V. Wally, M. Brunner, T. Lettner, M. Wagner, U. Koller, A. Trost, E. 
M. Murauer, S. Hainzl, H. Hintner, J. W. Bauer, Hum. Mol. Genet. 
2010, 19, 4715.

	[80]	 V. Wally, S. Kitzmueller, F. Lagler, A. Moder, W. Hitzl, M. 
Wolkersdorfer, P. Hofbauer, T. K. Felder, M. Dornauer, A. Diem, N. 
Eiler, J. W. Bauer, Orphanet J. Rare Dis. 2013, 8, 69.

	[81]	 V. Wally, A. Hovnanian, J. Ly, H. Buckova, V. Brunner, T. Lettner, M. 
Ablinger, T. K. Felder, P. Hofbauer, M. Wolkersdorfer, F. B. Lagler, 
W. Hitzl, M. Laimer, S. Kitzmuller, A. Diem, J. W. Bauer, J. Am. Acad. 
Dermatol. 2018, 78, 892.

	[82]	 F. Mavilio, G. Pellegrini, S. Ferrari, F. Di Nunzio, E. Di Iorio, A. 
Recchia, G. Maruggi, G. Ferrari, E. Provasi, C. Bonini, S. Capurro, A. 
Conti, C. Magnoni, A. Giannetti, M. De Luca, Nat. Med. 2006, 12, 
1397.

	[83]	 J. W. Bauer, J. Koller, E. M. Murauer, L. De Rosa, E. Enzo, S. Carulli, S. 
Bondanza, A. Recchia, W. Muss, A. Diem, E. Mayr, P. Schlager, I. K. 
Gratz, G. Pellegrini, M. De Luca, J. Invest. Dermatol. 2017, 137, 778.

	[84]	 T. Hirsch, T. Rothoeft, N. Teig, J. W. Bauer, G. Pellegrini, L. De Rosa, 
D. Scaglione, J. Reichelt, A. Klausegger, D. Kneisz, O. Romano, 
A. Secone Seconetti, R. Contin, E. Enzo, I. Jurman, S. Carulli, F. 
Jacobsen, T. Luecke, M. Lehnhardt, M. Fischer, M. Kueckelhaus, 
D. Quaglino, M. Morgante, S. Bicciato, S. Bondanza, M. De Luca, 
Nature 2017, 551, 327.

	[85]	 Z. Siprashvili, N. T. Nguyen, E. S. Gorell, K. Loutit, P. Khuu, L. K. 
Furukawa, H. P. Lorenz, T. H. Leung, D. R. Keene, K. E. Rieger, 
P. Khavari, A. T. Lane, J. Y. Tang, M. P. Marinkovich, JAMA 1808, 
2016, 316.

	[86]	 C. Chamorro, A. Mencia, D. Almarza, B. Duarte, H. Buning, J. 
Sallach, I. Hausser, M. Del Rio, F. Larcher, R. Murillas, Mol. Ther. 
Nucleic Acids 2016, 5, e307.

	[87]	 C. Georgiadis, F. Syed, A. Petrova, A. Abdul‐Wahab, S. M. Lwin, F. 
Farzaneh, L. Chan, S. Ghani, R. A. Fleck, L. Glover, J. R. McMillan, 
M. Chen, A. J. Thrasher, J. A. McGrath, W. L. Di, W. Qasim, J. Invest. 
Dermatol. 2016, 136, 284.

	[88]	 S. Hainzl, P. Peking, T. Kocher, E. M. Murauer, F. Larcher, M. Del 
Rio, B. Duarte, M. Steiner, A. Klausegger, J. W. Bauer, J. Reichelt, 
U. Koller, Mol. Ther. 2017, 25, 2573.

	[89]	 A. Izmiryan, O. Danos, A. Hovnanian, J. Invest. Dermatol. 2016, 136, 
872.

	[90]	 M. J. Osborn, C. J. Lees, A. N. McElroy, S. C. Merkel, C. R. Eide, W. 
Mathews, C. J. Feser, M. Tschann, R. T. McElmury, B. R. Webber, C. 
J. Kim, B. R. Blazar, J. Tolar, Int. J. Mol. Sci. 2018, 19, E946.

	[91]	 M. J. Osborn, C. G. Starker, A. N. McElroy, B. R. Webber, M. J. 
Riddle, L. Xia, A. P. DeFeo, R. Gabriel, M. Schmidt, C. von Kalle, D. 



1188  |     PRODINGER et al.

F. Carlson, M. L. Maeder, J. K. Joung, J. E. Wagner, D. F. Voytas, B. 
R. Blazar, J. Tolar, Mol. Ther. 2013, 21, 1151.

	[92]	 V. Sebastiano, H. H. Zhen, B. Haddad, E. Bashkirova, S. P. Melo, 
P. Wang, T. L. Leung, Z. Siprashvili, A. Tichy, J. Li, M. Ameen, J. 
Hawkins, S. Lee, L. Li, A. Schwertschkow, G. Bauer, L. Lisowski, M. 
A. Kay, S. K. Kim, A. T. Lane, M. Wernig, A. E. Oro, Sci. Transl. Med. 
2014, 6, 264ra163.

	[93]	 B. R. Webber, M. J. Osborn, A. N. McElroy, K. Twaroski, C. L. 
Lonetree, A. P. DeFeo, L. Xia, C. Eide, C. J. Lees, R. T. McElmurry, 
M. J. Riddle, C. J. Kim, D. D. Patel, B. R. Blazar, J. Tolar, NPJ Regen. 
Med. 2016, 1, 16014.

	[94]	 A. Izmiryan, C. Ganier, M. Bovolenta, A. Schmitt, F. Mavilio, A. 
Hovnanian, Mol. Ther. Nucleic Acids 2018, 12, 554.

	[95]	 S. P. Melo, L. Lisowski, E. Bashkirova, H. H. Zhen, K. Chu, D. R. Keene, 
M. P. Marinkovich, M. A. Kay, A. E. Oro, Mol. Ther. 2014, 22, 725.

	[96]	 D. Benati, F. Miselli, F. Cocchiarella, C. Patrizi, M. Carretero, S. 
Baldassarri, V. Ammendola, C. Has, S. Colloca, M. Del Rio, F. 
Larcher, A. Recchia, Mol. Ther. 2018, 26, 2592.

	[97]	 M. Aushev, U. Koller, C. Mussolino, T. Cathomen, J. Reichelt, Mol. 
Ther. Methods Clin. Dev. 2017, 6, 112.

	[98]	 T. Kocher, P. Peking, A. Klausegger, E. M. Murauer, J. P. Hofbauer, 
V. Wally, T. Lettner, S. Hainzl, M. Ablinger, J. W. Bauer, J. Reichelt, 
U. Koller, Mol. Ther. 2017, 25, 2585.

	[99]	 A. Mencia, C. Chamorro, J. Bonafont, B. Duarte, A. Holguin, N. 
Illera, S. G. Llames, M. J. Escamez, I. Hausser, M. Del Rio, F. Larcher, 
R. Murillas, Mol. Ther. Nucleic Acids 2018, 11, 68.

	[100]	 P. Akcakaya, M. L. Bobbin, J. A. Guo, J. Malagon‐Lopez, K. Clement, 
S. P. Garcia, M. D. Fellows, M. J. Porritt, M. A. Firth, A. Carreras, T. 
Baccega, F. Seeliger, M. Bjursell, S. Q. Tsai, N. T. Nguyen, R. Nitsch, 
L. M. Mayr, L. Pinello, Y. M. Bohlooly, M. J. Aryee, M. Maresca, J. K. 
Joung, Nature 2018, 561, 416.

	[101]	 J. Jackow, M. Titeux, S. Portier, S. Charbonnier, C. Ganier, S. 
Gaucher, A. Hovnanian, J. Invest. Dermatol. 2016, 136, 1346.

	[102]	 F. Larcher, E. Dellambra, L. Rico, S. Bondanza, R. Murillas, C. 
Cattoglio, F. Mavilio, J. L. Jorcano, G. Zambruno, M. Del Rio, Mol. 
Ther. 2007, 15, 1670.

	[103]	 C. Perdoni, M. J. Osborn, J. Tolar, Transl. Res. 2016, 168, 50.
	[104]	 S. Shinkuma, Z. Guo, A. M. Christiano. Proc. Natl Acad. Sci. USA 

2016, 113, 5676.
	[105]	 M. Titeux, V. Pendaries, M. A. Zanta‐Boussif, A. Decha, N. Pironon, 

L. Tonasso, J. E. Mejia, A. Brice, O. Danos, A. Hovnanian, Mol. Ther. 
2010, 18, 1509.

	[106]	 L. Cutlar, Y. Gao, A. Aied, U. Greiser, E. M. Murauer, D. Zhou, W. 
Wang, Biomater. Sci. 2016, 4, 92.

	[107]	 L. Cutlar, D. Zhou, X. Hu, B. Duarte, U. Greiser, F. Larcher, W. 
Wang, Exp. Dermatol. 2016, 25, 818.

	[108]	 Y. Gao, J. Y. Huang, J. O'Keeffe Ahern, L. Cutlar, D. Zhou, F. H. Lin, 
W. Wang, Biomacromol 2016, 17, 3640.

	[109]	 P. Peking, U. Koller, S. Hainzl, S. Kitzmueller, T. Kocher, E. Mayr, 
A. Nystrom, T. Lener, J. Reichelt, J. W. Bauer, E. M. Murauer, Mol. 
Ther. Nucleic Acids 2016, 5, e287.

	[110]	 W. Wu, Z. Lu, F. Li, W. Wang, N. Qian, J. Duan, Y. Zhang, F. Wang, 
T. Chen, Proc. Natl Acad. Sci. USA 2017, 114, 1660.

	[111]	 J. W. Bauer, E. M. Murauer, V. Wally, U. Koller, Methods Mol. Biol. 
2013, 961, 441.

	[112]	 T. Kuhl, M. Mezger, I. Hausser, L. T. Guey, R. Handgretinger, L. 
Bruckner‐Tuderman, A. Nystrom, J. Invest. Dermatol. 2016, 136, 1116.

	[113]	 C. Huttner, E. M. Murauer, S. Hainzl, T. Kocher, A. Neumayer, J. 
Reichelt, J. W. Bauer, U. Koller, Int. J. Mol. Sci. 2016, 17, E1609.

	[114]	 U. Koller, V. Wally, L. G. Mitchell, A. Klausegger, E. M. Murauer, E. 
Mayr, C. Gruber, S. Hainzl, H. Hintner, J. W. Bauer, Nucleic Acids 
Res. 2011, 39, e108.

	[115]	 E. M. Murauer, Y. Gache, I. K. Gratz, A. Klausegger, W. Muss, C. 
Gruber, G. Meneguzzi, H. Hintner, J. W. Bauer, J. Invest. Dermatol. 
2011, 131, 74.

	[116]	 E. M. Murauer, U. Koller, S. Hainzl, V. Wally, J. W. Bauer, Hum. Gene 
Ther. Methods 2013, 24, 19.

	[117]	 P. Peking, U. Koller, B. Duarte, R. Murillas, S. Wolf, T. Maetzig, M. 
Rothe, T. Kocher, M. Garcia, G. Brachtl, A. Schambach, F. Larcher, 
J. Reichelt, J. W. Bauer, E. M. Murauer, Nucleic Acids Res. 2017, 45, 
10259.

	[118]	 V. Wally, A. Klausegger, U. Koller, H. Lochmuller, S. Krause, G. 
Wiche, L. G. Mitchell, H. Hintner, J. W. Bauer, J. Invest. Dermatol. 
2008, 128, 568.

	[119]	 O. Bornert, P. Peking, J. Bremer, U. Koller, P. C. van den Akker, 
A. Aartsma‐Rus, A. M. Pasmooij, E. M. Murauer, A. Nystrom, Exp. 
Dermatol. 2017, 26, 3.

	[120]	 J. Bremer, O. Bornert, A. Nystrom, A. Gostynski, M. F. Jonkman, 
A. Aartsma‐Rus, P. C. van den Akker, A. M. Pasmooij, Mol. Ther. 
Nucleic Acids 2016, 5, e379.

	[121]	 M. Goto, D. Sawamura, W. Nishie, K. Sakai, J. R. McMillan, M. 
Akiyama, H. Shimizu, J. Invest. Dermatol. 2006, 126, 2614.

	[122]	 S. Turczynski, M. Titeux, L. Tonasso, A. Decha, A. Ishida‐Yamamoto, 
A. Hovnanian, J. Invest. Dermatol. 2016, 136, 2387.

	[123]	 U. Koller, S. Hainzl, T. Kocher, C. Huttner, A. Klausegger, C. Gruber, 
E. Mayr, V. Wally, J. W. Bauer, E. M. Murauer, Int. J. Mol. Sci. 2015, 
16, 1179.

	[124]	 B. Liemberger, J. Pinon Hofbauer, V. Wally, C. Arzt, S. Hainzl, T. 
Kocher, E. M. Murauer, J. W. Bauer, J. Reichelt, U. Koller, Int. J. Mol. 
Sci. 2018, 19, E762.

	[125]	 S. M. Kramer, M. C. Serrano, G. Zillmann, P. Galvez, I. Araya, N. 
Yanine, A. Carrasco‐Labra, P. Oliva, R. Brignardello‐Petersen, J. 
Villanueva, Int. J. Paediatr. Dent. 2012, 22, 1.

	[126]	 K. R. Goldschneider, J. Good, E. Harrop, C. Liossi, A. Lynch‐Jordan, 
A. E. Martinez, L. G. Maxwell, D. Stanko‐Lopp, BMC Med. 2014, 12, 
178.

	[127]	 E. Pope, I. Lara‐Corrales, J. Mellerio, A. Martinez, G. Schultz, R. 
Burrell, L. Goodman, P. Coutts, J. Wagner, U. Allen, G. Sibbald, J. 
Am. Acad. Dermatol. 2012, 67, 904.

	[128]	 M. El Hachem, G. Zambruno, E. Bourdon‐Lanoy, A. Ciasulli, C. Buisson, 
S. Hadj‐Rabia, A. Diociaiuti, C. F. Gouveia, A. Hernandez‐Martin, R. 
D. Laguna, M. Dolenc‐Voljc, G. Tadini, G. Salvatori, C. De Ranieri, S. 
Leclerc‐Mercier, C. Bodemer, Orphanet J. Rare Dis. 2014, 9, 76.

	[129]	 J. Denyer, E. I. Pillay, J. Clapham, Best Practice Guidelines for 
Skin and wound Care in Epidermolysis bullosa. An International 
Consensus, Wounds International, London 2017.

	[130]	 J. E. Mellerio, S. J. Robertson, C. Bernardis, A. Diem, J. D. Fine, R. 
George, D. Goldberg, G. B. Halmos, M. Harries, M. F. Jonkman, 
A. Lucky, A. E. Martinez, E. Maubec, S. Morris, D. F. Murrell, F. 
Palisson, E. I. Pillay, A. Robson, J. C. Salas‐Alanis, J. A. McGrath, Br. 
J. Dermatol. 2016, 174, 56.

	[131]	 L. De Rosa, S. Carulli, F. Cocchiarella, D. Quaglino, E. Enzo, E. 
Franchini, A. Giannetti, G. De Santis, A. Recchia, G. Pellegrini, M. 
De Luca, Stem Cell Reports 2014, 2, 1.

	[132]	 M. C. Latella, F. Cocchiarella, L. De Rosa, G. Turchiano, M. A. 
Goncalves, F. Larcher, M. De Luca, A. Recchia, J. Invest. Dermatol. 
2017, 137, 836.

	[133]	 T. Cermak, E. L. Doyle, M. Christian, L. Wang, Y. Zhang, C. Schmidt, 
J. A. Baller, N. V. Somia, A. J. Bogdanove, D. F. Voytas, Nucleic Acids 
Res. 2011, 39, e82.

	[134]	 M. Christian, T. Cermak, E. L. Doyle, C. Schmidt, F. Zhang, A. 
Hummel, A. J. Bogdanove, D. F. Voytas, Genetics 2010, 186, 757.

	[135]	 M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J. A. Doudna, E. 
Charpentier, Science 2012, 337, 816.

	[136]	 V. Pendaries, G. Gasc, M. Titeux, L. Tonasso, J. E. Mejia, A. 
Hovnanian, J. Invest. Dermatol. 2012, 132, 1741.

	[137]	 A. Gostynski, F. C. Deviaene, A. M. Pasmooij, H. H. Pas, M. F. 
Jonkman, Br. J. Dermatol. 2009, 161, 444.

	[138]	 A. Gostynski, A. M. Pasmooij, M. F. Jonkman, J. Am. Acad. Dermatol. 
2014, 70, 98.



     |  1189PRODINGER et al.

	[139]	 J. E. Wagner, A. Ishida‐Yamamoto, J. A. McGrath, M. Hordinsky, D. 
R. Keene, M. J. Riddle, M. J. Osborn, T. Lund, M. Dolan, B. R. Blazar, 
J. Tolar, N. Engl. J. Med. 2010, 363, 629.

	[140]	 T. Wong, L. Gammon, L. Liu, J. E. Mellerio, P. J. C. Dopping‐
Hepenstal, J. Pacy, G. Elia, R. Jeffery, I. M. Leigh, H. Navsaria, J. A. 
McGrath, J. Invest. Dermatol. 2008, 128, 2179.

	[141]	 S. S. Venugopal, W. F. Yan, J. W. Frew, H. I. Cohn, L. M. Rhodes, 
K. Tran, W. Melbourne, J. A. Nelson, M. Sturm, J. Fogarty, M. P. 
Marinkovich, S. Igawa, A. Ishida‐Yamamoto, D. F. Murrell, J. Am. 
Acad. Dermatol. 2013, 69, 898.

	[142]	 G. Petrof, M. Martinez‐Queipo, J. E. Mellerio, P. Kemp, J. A. 
McGrath, Br. J. Dermatol. 2013, 169, 1025.

	[143]	 P. Conget, F. Rodriguez, S. Kramer, C. Allers, V. Simon, F. Palisson, 
S. Gonzalez, M. J. Yubero, Cytotherapy 2010, 12, 429.

	[144]	 M. El‐Darouti, M. Fawzy, I. Amin, R. A. Hay, R. Hegazy, H. Gabr, Z. 
El Maadawi, Dermatol. Ther. 2016, 29, 96.

	[145]	 G. Petrof, S. M. Lwin, M. Martinez‐Queipo, A. Abdul‐Wahab, S. 
Tso, J. E. Mellerio, I. Slaper‐Cortenbach, J. J. Boelens, J. Tolar, P. 
Veys, M. Ofuya, J. L. Peacock, A. E. Martinez, J. A. McGrath, J. 
Invest. Dermatol. 2015, 135, 2319.

	[146]	 J. Tolar, J. A. McGrath, L. Xia, M. J. Riddle, C. J. Lees, C. Eide, D. R. 
Keene, L. Liu, M. J. Osborn, T. C. Lund, B. R. Blazar, J. E. Wagner, J. 
Invest. Dermatol. 2014, 134, 1246.

	[147]	 J. Tolar, L. Xia, M. J. Riddle, C. J. Lees, C. R. Eide, R. T. McElmurry, 
M. Titeux, M. J. Osborn, T. C. Lund, A. Hovnanian, J. E. Wagner, B. 
R. Blazar, J. Invest. Dermatol. 2011, 131, 848.

	[148]	 N. Umegaki‐Arao, A. M. Pasmooij, M. Itoh, J. E. Cerise, Z. Guo, B. 
Levy, A. Gostynski, L. R. Rothman, M. F. Jonkman, A. M. Christiano, 
Sci. Transl. Med. 2014, 6, 264ra164.

	[149]	 U. Koller, V. Wally, J. W. Bauer, E. M. Murauer, Mol. Ther. Nucleic 
Acids 2014, 3, e157.

	[150]	 P. Peking, J. S. Breitenbach, M. Ablinger, W. H. Muss, F. J. Poetschke, 
T. Kocher, U. Koller, S. Hainzl, S. Kitzmueller, J. W. Bauer, J. Reichelt, 
T. Lettner, V. Wally, Br. J. Dermatol. 2018, 180, 141.

	[151]	 B. Tockner, T. Kocher, S. Hainzl, J. Reichelt, J. W. Bauer, U. Koller, E. 
M. Murauer, Gene Ther. 2016, 23, 775.

	[152]	 A. Nystrom, K. Thriene, V. Mittapalli, J. S. Kern, D. Kiritsi, J. 
Dengjel, L. Bruckner‐Tuderman, EMBO Mol. Med. 2015, 7, 1211.

How to cite this article: Prodinger C, Reichelt J, Bauer JW, 
Laimer M. Epidermolysis bullosa: Advances in research and 
treatment. Exp Dermatol. 2019;28:1176–1189. https​://doi.
org/10.1111/exd.13979​

https://doi.org/10.1111/exd.13979
https://doi.org/10.1111/exd.13979

